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Summary
Background: Major surgery and severe trauma typically lead to massive blood loss requiring rapid transfusion of large amounts of blood products. It has been suggested that fresh, unrefrigerated whole blood provides a haemostatic advantage in this setting. The aim of the current study was to compare the clot formation parameters of fresh, unrefrigerated whole blood and whole blood reconstituted from components stored for varying periods of time, using rotational thromboelastography (ROTEM ® ). Methods: Fresh whole blood and reconstituted whole blood using combinations of nonleucoreduced red cell units (stored for 7, 14, 21, 28, or 35 days), platelet concentrates (stored for 1, 3 or 5 days), and fresh frozen plasma (stored for 6 months) were analysed using ROTEM. Measurements of the clotting time (CT), clot formation time (CFT), and maximal clot firmness (MCF) were compared between units of fresh whole blood and reconstituted whole blood samples. Results: There was no difference in the haemostatic parameters measured of fresh whole blood and reconstituted whole blood using red cell units stored for less than 21 days. ROTEM demonstrated that the CT and CFT were significantly shorter for reconstituted whole blood samples using red cells stored for longer than 21 days when compared to fresh whole blood and to reconstituted whole blood samples using red cell units stored for less than 21 days. The CT was inversely correlated to the duration of platelet storage. The MCF was unchanged regardless of duration of blood product storage. Conclusion: Fresh unrefrigerated whole blood and blood products stored for short duration (less than 21 days) were not superior to those stored for longer durations.
* These authors contributed equally to this work.
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Transfus Med Hemother 2010;37: [329] [330] [331] [332] [333] [334] [335] Bartfeld/Ellis/Lubetzky/Yahalom/Kenet was incubated for 2-5 min at 37 °C; and 20 l standard reagent (NATEM, Pentapharm, Munich, Germany) were added to the TEG cups to initiate haemostasis via the extrinsic pathway (this test is a modification of the EXTEM reagent, used by Pentapharm). NATEM is a 0.2 mmol/l solution of CaCl 2 obtained using calcium chloride and Hepes buffer (0.02 mol/l Hepes, 0.2 mol/l calcium chloride, pH 7.4), either alone or in combination with 20 l tissue factor (TF; Innovin, Dade-Behring, Marburg, Germany), diluted 1:2,500 to a final concentration of 1:42,500 (approximately 5 pg/ml or 0.14 pmol/l). Other evaluations were performed using NATEM and INTEM (Instrument Laboratory, Barcelona, Spain) -a partial thromboplastic phospholipid reagent derived from rabbit brain (phospholipid reagent was lyophilized Silica). Analyses were performed using the plastic cups provided by the manufacturer. All samples were run in a total volume of 320-340 l for 2 h to enable a full thromboelastogram assessment. The pattern of clot formation and measurements of clotting time (CT), clot formation time (CFT), and maximal clot firmness (MCF) were done. CT describes the latency time from the start of analysis until initial clot formation; CFT is the time from initial clot formation until a fixed clot strength (20 mm amplitude in the thromboelastogram); and MCF denotes the maximum amplitude, indicative of the maximum clot strength.
ROTEM results are presented as average values calculated from triplicate measurements.
Statistical analysis was performed using SSPS ® for Windows, version 11.5 (Chicago, Il, USA). Blood products were compared using analysis of variance (ANOVA) for parametric data and the Kruskall-Wallis test for non-parametric data. A p value of < 0.05 was considered significant.
Results
A total of 88 samples were analysed in triplicate. Of these, 15 were samples obtained from fresh whole blood units, 13 were from PRBCs stored for 7 days, 16 from PRBCs stored for 14 days, 14 from PRBCs stored for 21 days, 15 from PRBCs stored for 28 days, and 15 from PRBCs stored for 35 days. Platelets used to reconstitute whole blood were derived from either fresh platelet units (n = 15) or platelet units stored for 1 (n = 25), 3 (n = 27) or 5 (n = 21) days.
The CT results using NATEM are summarised in table 1 and displayed in fig. 1 . The CT for reconstituted blood with platelets stored for 1 day and PRBCs stored for 7 days was 722.2 ± 107.4 s, compared to 504.0 ± 155.4 s for platelets stored for 5 days and PRBCs stored for 35 days. The CT obtained for fresh blood was 635.2 ± 129.1 s. There was no statistically significant difference between the CT obtained using fresh whole blood and that obtained using PRBCs stored up to 14 days. When PRBCs stored for longer than 14 days were used, the CT shortened significantly (p < 0.0001). The CT shortened as a function of platelet age in a statistically significant manner (p < 0.0001).
There was no difference in CFT when fresh whole blood and packed cells stored up to 14 days were compared (p = 0.2).
Introduction
Major surgery and severe trauma often result in massive blood loss. Assessment of the efficacy of the haemostatic system is crucial in the treatment of these patients who invariably receive large numbers of blood products. Some authorities claim that, in the setting of trauma or surgical bleeding, the transfusion of fresh unrefrigerated whole blood or red cells not subjected to prolonged blood bank storage is preferable to the transfusion of products stored for longer periods of time [1, 2] , while others refute this contention [3, 4] .
Thromboelastography (TEG) is a technique that has been used predominantly in surgical patients to demonstrate the kinetics of clot formation and dissolution and to document the viscoelastic properties of the clot [5, 6] . It may be used to assess abnormalities in clot production and stability and may help determine their cause. TEG operates using whole blood and its underlying principle is the transformation of the viscoelastic properties of the blood into electrical signals that are captured and recorded graphically. TEG is a promising tool in the evaluation of clot formation in haemophilia and rare bleeding disorders as well as in hypercoagulable states [7, 8] . Individual patient responses to administration of haemostatic compounds, for example bypassing agents, may also be evaluated by TEG, but its clinical relevance in this context requires further investigations [9, 10] .
In this study, we compared clot formation parameters (tested by ROTEM) using either fresh whole blood or whole blood reconstituted from components stored for varying lengths of times according to standard blood bank protocols.
Material and Methods
Fresh, (<24 h after donation) unrefrigerated whole blood units and reconstituted whole blood samples were analysed. The reconstituted samples were comprised of packed red blood cells (PRBCs) stored at 1-6 ºC for either 7, 14, 21, 28 or 35 days which were mixed with whole blood platelets stored for either 1, 3 or 5 days at 20-24 ºC on a horizontal shaker and additional fresh frozen plasma (FFP) stored at -30 ºC for 6 months. Whole reconstituted blood samples were prepared by mixing 5-5.5 ml of PRBCs with 1-1.5 ml platelet concentrate and 3-4 ml of FFP, to achieve a total final volume of 10 ml. A complete blood count was performed on the samples (Advia Hematology System, Bayer, Leverkusen, Germany). When necessary, the component proportions were adjusted to obtain normal haematocrit (38-46%) and platelet counts (150 000-400 000/ l). A total of 5 different blood products (reconstituted and fresh whole blood) from each time point were analysed.
All blood units were type O, non-leucoreduced, and obtained and prepared using standard blood bank techniques. Donors signed an informed consent, and the Meir Medical Centre Ethical Committee approved the study.
Whole blood clot formation and stability were evaluated by TEG studies, using ROTEM ® (Tem International GmbH, Munich, Germany). In this system, clot formation in the sample leads to impedance of a pin on a rotating shaft ( 4.75 °; cycle time 10/s). The resultant change in shaft rotation during clotting is detected via reduced elasticity between the pin and a connected spring [11] . Prior to analysis, citrated whole blood (300 l) The MCF for reconstituted blood with platelets stored for 1 day and PRBCs stored for 7 days was 69.0 ± 3.0 mm, compared to 58.3 ± 4.2 mm for platelets stored for 5 days and PRBCs stored for 35 days. (table 6 ) The MCF obtained when fresh blood was studied was 63.7 ± 3.6 mm.
The CT results using INTEM are summarised in table 7. The CT for reconstituted blood with platelets stored for 1 day and PRBCs stored for 7 days was 135.3 ± 19.7 s, compared to 151.0 ± 33.7 s for platelets stored for 5 days and PRBCs stored for 35 days. The CT obtained when fresh blood was studied was 224.7 ± 103.1 s. There was no statistically significant difference of the CT irrespective of the use of fresh or reconstituted whole blood.
Similarly, there was no difference between the CFT obtained using fresh whole blood and reconstituted whole blood. The CFT for reconstituted blood with platelets stored for 1 day and PRBC stored for 7 days was 84.0 ± 36.5 s, compared to 121.7 ± 33.7 s for platelets stored for 5 days and PRBCs stored for 35 days. (table 8) The CFT obtained when fresh blood was studied was 74.5 ± 18.3 s.
There was no difference in MCF between fresh whole blood and reconstituted whole blood when using INTEM. The MCF for reconstituted blood with platelets stored for 1 day and red cells stored for 7 days was 68.5 ± 2.7 mm, compared to 58.0 ± 5.6 mm for platelets stored for 5 days and red cells stored for 35 days (table 9). The MCF obtained when fresh blood was studied was 64.2 ± 2.8 mm.
(p < 0.0001) (but it was shortest at 14 days). The CFT was not affected by the duration of platelet storage (table 2, fig. 2 ).
There was no difference in MCF between fresh whole blood and reconstituted whole blood irrespective of the duration of storage of either PRBCs or platelets. The MCF for reconstituted blood with platelets stored for 1 day and PRBCs stored for 7 days was 63.5 ± 6.2 mm, compared to 58.1 ± 3.9 mm for platelets stored for 5 days and PRBCs stored for 35 days. The MCF obtained when fresh blood was studied was 63.3 ± 4.3 m (table 3) .
The CT results using modified EXTEM are summarised in table 4. The CT for reconstituted blood with platelets stored for 1 day and PRBCs stored for 7 days was 405 ± 92.4 s, compared to 218.5 ± 55.1 s for platelets stored for 5 days and PRBCs stored for 35 days. The CT obtained when fresh blood was studied was 409.6 ± 80.9 s. There was no statistically significant difference in CT values regardless of fresh or reconstituted whole blood was used.
Likewise, there was no difference between the CFT obtained using fresh whole blood and that found with reconstituted whole blood. The CFT for platelets stored for 1 day and PRBCs stored for 7 days was 120.5 ± 29.3 s, compared to 125.6 ± 36.7 s for platelets stored for 5 days and PRBCs stored for 35 days (table 5). The CFT obtained when fresh blood was studied was 119.6 ± 11.5 s.
There was no difference in MCF between fresh whole blood and reconstituted whole blood when using EXTEM. CT results obtained using NATEM. WHB is fresh, unrefrigerated whole blood (full square), full circles designate reconstituted whole blood using platelets stored for 1 day, circles with dot designate reconstituted whole blood using platelets stored for 3 days and empty circles designate reconstituted whole blood using platelets stored for 5 days. The X-axis shows the duration of storage of PRBC units used to reconstitute whole blood. There was no statistically significant difference between the CT obtained usingfresh whole blood and packed cells aged up to 14 days. When packed cells stored for longer than 14 days were used, the CT decreased significantly (p < 0.0001). The CT decreases as a function of platelet age in a statistically significant manner (p < 0.0001).
Fig 2.
CFT results obtained using NATEM. WHB designates fresh, unrefrigerated whole blood (single full circle), full circles designate reconstituted whole blood using platelets stored for 1 day, circles with dot designate reconstituted whole blood using platelets stored for 3 days and empty circles designate reconstituted whole blood using platelets stored for 5 days. The X-axis designates the duration of storage of red cell units used to reconstitute whole blood. There was no statistically significant difference between the CFT obtained using fresh whole blood and packed cells stored up to 14 days. When packed cells stored for longer than 14 days were used, the CFT shortened significantly (p < 0.0001). The CFT was not affected by the duration of platelet storage. Red blood cells and platelets stored under standard blood bank conditions undergo deleterious changes that are collectively referred to as the 'storage lesion' [12] . Red blood cells preserved in conventional storage media have a shelf life of 35-42 days. During storage, intracellular levels of 2,3-diphosphosphoglycerol decline and concentrations of extracellular H + and K + ions increase, the latter as a result of impairment of the red cell Na + /K + and Na + /H + pumps and red cell haemolysis. It has been suggested that the combined effect of these changes confers a negative prognosis on patients receiving red cell units that were stored at 4 ºC for prolonged periods. The effect of red cell storage on the activity of biochemical functions such as glycolysis and membrane structure and function has been well defined. Recently, storage of red cells has been shown to be associated with depletion of S-nitrososhemoglobin, resulting in depletion of nitric oxide bioactivity, a phenomenon that may have deleterious clinical effects after transfusion as a result of impaired hypoxic vasodilation [13] . Indeed, a number of studies have suggested that the transfusion of stored blood is associated with adverse clinical outcomes. Purdy et al. [14] , in their retrospective study of 31 intensive care unit patients with severe sepsis, compared the age of blood products transfused in the subgroups of 19 patients who died and the 12 survivors. The median age of red cell units transfused in the surviving patients was significantly
Discussion
In this study using TEG measurement by ROTEM, there was no difference in the haemostatic parameters measured between fresh whole blood and reconstituted whole blood using PRBCs stored for less than 21 days. However, it could be demonstrated that the CT was significantly shorter for reconstituted whole blood using red cells stored longer than 21 days when compared to fresh whole blood and whole blood reconstituted using PRBCs stored less than 21 days. We also showed an inverse correlation between the CT and the duration of storage of platelets used to reconstitute whole blood. The CFT was significantly shorter when whole blood reconstituted with PRBCs stored longer than 21 days was compared with fresh whole blood and whole blood reconstituted using PRBCs stored less than 21 days and remained unchanged with increasing duration of platelet storage. The MCF of fresh unrefrigerated blood was not different from that of reconstituted whole blood regardless of the duration of storage of red cells or platelets.
Our results suggest that fresh unrefrigerated whole blood does not provide any haemostatic advantage over stored blood products and, in addition, that storage of red cells and platelets under current blood bank conditions, may even result in an improvement of certain clotting parameters. a potential haemostatic advantage of stored red cell and platelet units may be explained by the observation that during storage red cells and platelets showed a progressive increase in membrane phosphtidylserine expression that correlates with increased thrombin generation [17] . Furthermore, platelet storage is associated with microparticle formation that has a potent effect on thrombus generation and propagation [18] . This may explain why, in our study, blood products stored for a longer time induced shorter CTs. However, the correlation between in vivo haemostasis and in vitro TEG has not been established thus far. Despite the fact that this study provided in vitro data that may not correlate with in vivo haemostasis, these results may have significance regarding the ongoing debate about the perceived superior haemostatic function of fresh, unrefrigerated whole blood and blood products stored for a shorter time in bleeding patients [19] . Apparently, the use of blood products in the clinical setting of massive haemorrhage is complex: numerous factors such as changes in body temperature, tissue perfusion, and circulating thromboplastin affect the coagulopathy of massive post-traumatic bleeding and make conclusions based on controlled laboratory studies unreliable. The role of TEG-guided therapy in massive blood loss is emerging, though not yet validated [20] . Our results may give rise to the more rigorous study of the presumed importance of fresh whole blood in severely bleeding patients.
Conclusions
ROTEM analysis performed in the current study demonstrates that clot formation was not impaired by storage of blood products. We found that blood products stored for a longer time induced shorter ROTEM CTs and CFTs. This may correlate with more rapid clot formation; nevertheless, the correlation between in vivo haemostasis and in vitro TEG has not been established thus far.
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lower; hence, the authors of this study concluded that the age of red cells transfused correlated with patient mortality. While this conclusion may appear valid, a number of points are worth considering. First, the study design was retrospective; second, a small number of patients with various underlying diseases were studied; and, finally, the period over which patients were transfused was not considered in this study.
By contrast, Vamvakas and Carven [3] studied the relationship of length of storage with global morbidity after coronary artery bypass grafting. The mean ages of the oldest unit, the second oldest unit, and of all units transfused were determined and tested against surrogate measures of post-operative morbidity (length of intensive care stay, length of endotracheal intubation, and length of hospitalisation). No correlation between the age of the transfused units and overall morbidity was found in this prospective study. Another study performed in a paediatric population studied the effect of using fresh whole blood compared to reconstituted blood for pump priming in heart surgery in infants [4] . In this randomised, double-blind study, infants receiving fresh whole blood had longer intensive care unit admissions and increased post-operative fluid overload. Although the authors of this study could not provide an explanation for their findings, these results clearly demonstrate that there is no clear indication for the use of fresh whole blood in surgical patients. Indeed, the American Association of Blood Banks Guidelines for Massive Transfusion state that data are insufficient to require transfusion of fresher red cell units in cases of massive transfusion [15] . Likewise, Guidelines on the Management of Massive Blood Loss by the British Council on Standards in Haematology do not recommend transfusion of fresh blood becauseno evidence of decreased tissue oxygenation has been demonstrated in vivo after transfusion of older red cell units, despite the well documented in vitro storage lesion [16] .
While the studies discussed above relate to physiologic and biochemical differences between fresh and stored red cells, no studies have specifically focused on the haemostatic properties of red cells and platelets stored under standard blood bank conditions. In our study, we used ROTEM, a technique that assess the overall kinetics and stability of clot formation and dissolution, to investigate the effects of storage time of red cells, platelets and plasma on haemostasis. Our findings of
